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Abstract
Perfluorooctanesulfonate (PFOS) is a persistent organic pollutant (POP) that is globally 
distributed. Hydrated electrons (eaq–) are known to effectively initiate the 
decomposition of PFOS. In this study, we explore an alternative photolytic approach 
employing aquated electrons, eaq– in the presence of ethylenediaminetetraacetic acid 
(EDTA) in order to enhance the photo-induced degradation of PFOS. EDTA, in this 
case, serves primarily as a hydroxyl radical scavenger, which inhibits the recombination 
of eaq– with ∙OH resulting in an increased average photolytic lifetime for eaq–. The net 
effect is to enhance the degradation of PFOS. UV/EDTA irradiation is shown to 
increase the overall decomposition percentages of PFOS. The empirical pseudo first-
order rate constant for the loss of PFOS is 0.113 h-1. In addition, we used laser flash 
photolysis kinetics to show that the eaq– is the dominant species responsible for the 
decomposition of PFOS. EDTA also allows for the photolytically-produced hydrated 
electrons to be used in the presence of air over a wide range of pH. Furthermore, 
perfluoroalkyl sulfonates with longer chain lengths have higher overall decomposition 
percentages and increased defluorination percentages. The observed kinetic 
enhancements appear to be due primarily to the impact of the amine and methylene 
groups of EDTA with respect of hydroxyl radical scavenging.
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1. Introduction
Over the past 60 years, perfluorinated compounds (PFCs) such as perfluorooctane 
sulfonate (PFOS) and perfluorooctanic acid (PFOA), have been widely used in 
industrial, medical and domestic applications due to their stable physical and chemical 
properties [1-3]. However, PFOS is persistent in the environment, bioaccumulates, and 
is widely distributed globally [3, 4]. PFOS is recalcitrant to conventional chemical and 
thermal degradation primarily due to the high electronegativity of the fluorine (i.e., 𝐸
0(F/F–) = 3.6V) [5] and the strength of the carbon-fluorine (C-F) bonds (i.e., bond 
dissociation energy (BDE) ≥ 445 kcal/mol) [6]. PFOS is known to be neurotoxic and 
hepatotoxic to humans and animals [7, 8]. PFOS has been classified as a Persistent 
Organic Pollutants (POP) by the Stockholm Convention in May 2009 [9].
Hydrated electrons (eaq–) are powerful reducing agents that have been shown to be 
effective for degrading PFOS. Hydrated electrons can be generated using electron beam 
bombardment [10], gamma-ray radiation [11], and by UV photolysis of sulfite [12], 
iodide [13] and 3-indole acetic acid [14, 15]. Electron beam and gamma-ray radiation 
has been used to decompose PFOS, considering the fixed cost such as high equipment 
cost, interest and depreciation [16], the cost is too high for an economical engineering 
treatment method. A catalyst-free PFOS photodecomposition method that requires high 
temperatures (e.g., 100 oC) and alkaline conditions (pH =11.8) has been reported to 
exhibit great performance in PFOS decomposition [17]. But high temperature and 
strong alkaline conditions would be bottleneck of the application of this process. UV 
photolysis of sulfite [12, 18] or iodide [13] produces a sufficient level of eaq–, being 
JO
UR
NA
L P
RE
-P
RO
OF
JOURNAL PRE-PROOF
4
efficient in PFOS decomposition. However, these techniques do not function well under 
acidic and circum-neutral pH for inducing PFOS decomposition. Besides, due to the 
rapid second-order reaction between eaq– and O2 (Eq. 1, k1 = 1.9×1010 M-1·s-1) [19], 
PFOS decomposition efficiencies induced by eaq– are reduced in the presence of 
dissolved oxygen. Thus, eaq–-mediated photo-reductive degradation normally requires 
strict anoxic conditions [20, 21]. In addition, the formation of undesirable reaction 
byproducts during PFOS decomposition may occur in some photochemical processes. 
For example, in UV/KI process, secondary reaction byproducts and intermediates were 
formed including iodine, polyiodide, and iodate, which could have undesirable impact 
on human health or on the health of the aquatic environment due to their genotoxicity 
and carcinogenicity [22, 23]. Alternative photo-reductive systems such as the 
UV/sulfite also have resulted in the formation of undesirable by-products. Sulfite alone 
has been shown to have reproductive toxicity and peripheral organ toxicity [24]. 
UV irradiation or ionizing radiation such as gamma and electron beam irradiation 
of water generates eaq–, hydroxyl radicals (∙OH), H3O+ and several other species of 
much lower concentrations (Eq. 2-3) [25, 26]. However, recombination of eaq– with 
∙OH (Eq. 4-6) reduces the effectives of the process. Thus, only a small fraction of eaq– 
escapes into the bulk solution to initiate reductive electron transfer to target substrates 
[19]. Consequently, we have proposed an alternative approach to enhance the 
production of eaq– by inhibiting its recombination with susceptible reductants added to 
the reaction solution. 
    (1)     (2)e –aq + O2→O ∙‒2 H2Oℎ𝑣→e –aq +  ∙ OH +  H ∙+ H3O +
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   (3)H2Oγ or 𝐸𝐵→ 𝑒 –aq +  ∙ OH +  H ∙+ H3O +  + H2 +  H2O2
    (4)e –aq +  ∙ OH→OH ‒
    (5)e –aq +  H ∙  →H2 + OH ‒
    (6)e –aq + H3O + → H ∙+ H2O
Aminopolycarboxylic acids such as ethylenediaminetetraacetic acid (EDTA), 
nitrilotriacetic acid (NTA), are known to react readily with ∙OH [27, 28]. A previous 
study demonstrated that UV photolysis of NTA was efficient in PFOS decomposition, 
even in open air condition [27]. Thus, given the potential use of ETDA as a hydroxyl 
radical scavenger, we herein report on: (1) the efficiency of UV/EDTA photolysis for 
PFOS decomposition, (2) determine the decomposition kinetics of PFOS over a broad 
range of pH and solution composition, (3) report on the formation of reaction 
intermediates and to propose a self-consistent mechanism for PFOS degradation taking 
place during UV/EDTA photolysis based on laser flash photolysis probing of key 
reaction intermediates. 
2. Materials and methods
2.1 Chemicals and materials
Perfluorooctanoic acid (PFOA, ≥90%), perfluoropentanoic acid (PFPeA, ≥94%), 
perfluorohexanoic acid (PFHxA, ≥97%) and perfluorohexanesulfonic acid potassium 
salt (PFHxS, ≥98%) were obtained from Fluka (Swizerland). Perfluorooctanesulfonic 
acid (PFOS) was purchased from ABCRGmbH & Co. KG, Karlsruhe (Germany). 
Pentafluoropropionic acid (PFPrA, 99%), perfluorobutyric acid (PFBA, 99%), 
perfluoroheptanoic acid (PFHpA, 99%) and perfluoro-1-butanesulfonic acid (PFBS, 
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98%) were purchased from Sigma-Aldrich (USA). Perfluoro-n-[1,2,3,4-13C4]octanoic 
acid (MPFOA, >98%) and sodium perfluoro-1-[1,2,3,4-13C4]octanesulfonate (MPFOS, 
>99%) were purchased from Wellington Laboratories Inc. (Canada). Formic acid (96%) 
and acetic acid (99.7%) were obtained from TEDIA Co. (USA). Sodium fluoride 
(99.99%), EDTA, ammonium chloride, ammonium hydroxide, hydrochloric acid, 
potassium iodide, sodium sulphate anhydrous, AHMT (4-Amino-3-hydrazino-5-
mercapto-1, 2, 4-triazole), HEDTA and TMEDA (≥98%) were purchased from 
Sinopharm Chemical Reagents (China). Deionized water was produced in the 
laboratory using a Milli-Q integral water purification system (Millipore, USA). 
2.2. Reductive decomposition
The reductive decomposition of PFOS with hydrated electrons in anoxic aqueous 
solutions was performed in a stainless-steel cylindrical reactor with a 60 mm inner 
diameter equipped with a low- pressure mercury lamp (14W, λ=254 nm) (for details, 
see Supplementary Material, Fig. S1). A 720 mL solution of PFOS (0.01 mM) and 
EDTA (0-2 mM) was added to the reactor，and then stirred by a magnetic stirrer at 
120rpm and irradiated internally with the mercury lamp. Before the reaction, the 
mixture was bubbled with highly purified nitrogen for 20 minutes in order to remove a 
large fraction of dissolved oxygen. The initial pH of the N2-purged solution was 
adjusted with hydrochloric acid (HCl) and sodium hydroxide (NaOH). The reaction 
temperature was held constant at 25 ◦C with the circulating temperature controller. 
The initial concentrations of PFOS and EDTA were 0.01 mM and 2.0 mM, 
respectively, while the initial pH was adjusted to 10.0. In order to determine the effect 
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of each variable, five control experiments were conducted. The first control experiment 
was conducted in the absence of EDTA under identical conditions. The second control 
experiment (i.e., direct photolysis) was carried out in the absence of EDTA and without 
adjusting solution pH. The third control experiment was a dark reaction under the same 
concentration conditions without illumination. The fourth control experiment was 
conducted with the addition of K2S2O8 and without N2 purging at solution pH of 3 [29]. 
The fifth control experiment was carried out under similar conditions in the presence 
of N2O in the absence of N2. 
At various time intervals, samples of the reaction mixture were collected and 
analyzed for F– using ion chromatography (IC) and high-performance liquid 
chromatography-tandem/mass spectrometry (HPLC/MS/MS). Before the analysis, all 
the samples were filtered through 0.22 μm nylon filter membranes.
2.3. Analytical methods
The concentrations of PFOS, PFOS-derived aqueous phase intermediate and EDTA 
were determined using high-performance liquid chromatography/tandem mass 
spectrometry (HPLC−MS/MS, TSQTM Quantum AccessTM, Thermo Finnigan, San Jose, 
CA, USA). The HPLC system employed an Agilent ZORBAX Eclipse Plus C18 
column (2.1 × 150 mm, 3.5 μm). A mixture of methanol and 2 mM ammonium acetate 
was used as the mobile phase. Detailed information is available in the Supplementary 
Material.
An Ion Chromatograph (Dionex, ICS-3000, Thermo Fisher Scientific, USA), 
which was equipped with a conductivity detector and a self-regenerating suppressor, 
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was used for the analysis of fluoride, sulfate, acetate, formate and nitrate. Detailed 
information is available in the Supplementary Material. 
An AHMT method was used for formaldehyde quantification [30]. The 
concentration of ammonia was measured according to standard method [31]. Detailed 
information is available in the Supplementary Material. 
2.4. Calculations
Decomposition percentage of PFOS was calculated as follows:
    (7)Decomposition percentage = cFc0 × 100%
Defluorination percentage of PFOS was calculated as follows:
    (8)Defluorination percentage = cF17 × c0 × 100%
where CF- is the concentration of fluoride ion (μM); C0 is the initial concentration of 
PFOS (μM), and the factor 17 corresponds to the number of fluorine atoms15 in one 
PFOS molecule.
The mass balance of fluorine element (F) was calculated based on the 
concentrations of PFOS, F-containing intermediates and F–. The recovery of fluorine 
element (RF) is defined as follows:
    (9)RF = (2n + 1)∑61CCF3(CF2)nCOO ‒ + (2n + 1)∑73CCF3(CF2)nSO ‒3𝐶0 × 17
where,  is the total fluorine element (F) concentration of (2n + 1)∑61CCF3(CF2)nCOO ‒
PFCAs (C3 to C8) (mM) at the irradiation time t (h).  is the (2n + 1)∑73CCF3(CF2)nSO ‒3
total fluorine element (F) concentration of PFSAs (C4, C6 and C8) (mM) at the 
irradiation time t (h). C0 is the initial concentration of PFOS (mM) at the irradiation 
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time t (h).
2.5. Laser flash photolysis (LFP) experiments
Laser flash photolysis experiments were performed in order to detect transient 
species generated as a function of the intensity of the laser light. Excitation of the third 
harmonic of pterin (2-aminopteridin-4(3H)-one) was achieved and recorded on a 
Surelite I-10 Q-Switched Nd:YAG laser (6 ns FWHM, 10 mJ per pulse) at an excitation 
wavelength of 266 nm. The transient absorption spectra of aqueous solutions purged 
and saturated with N2, were recorded with a LP980 laser flash photolysis apparatus 
linked to a 100 MHz Tektronix TDS3012C digital oscilloscope for signal acquisition. 
Signal analyses were performed using the L900 spectrometer software.
Transient species characterization after laser flash photolysis at λ = 266 nm was 
followed over the wavelength range 350 nm and 780 nm and 10 nm intervals on a 
solution 50 mM EDTA in N2-purged water.
2.6. Zebrafish embryo toxicity test
The AB wild-type adult zebrafish (Danio rerio) were maintained at 28 ± 0.5 ◦C on 
a 14 h:10 h light/dark cycle in a fish breeding circulatory system (Haisheng, Shanghai, 
China) and were fed twice daily with live brine shrimps (Artemia salina). Two pairs of 
male/female fish were placed in a single mating box separated by a divider 1 day prior 
to spawning. Spawning was triggered by removing the divider in the morning and the 
embryos were collected 2 h afterwards. Embryos washed with 0.5 ppm methylene blue 
solution were then transferred to Holtfreter's medium in a Petri-dish. Using a 
stereomicroscope (Olympus-SZ61, Olympus Ltd., Japan), healthy and fertilized 
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embryos at 4 h post fertilization (hpf) were selected and placed in Ubottom 96-well 
plates (Costar-3599, Corning, US), with one embryo per well. Each was then filled with 
200 μL of series of the treatment samples as well as H-buffer as negative controls. Three 
replicates were carried out for each treatment, each using 12 embryos. The 
developmental status of the zebrafish embryos was observed at 24 h, 48 h, and 72 h. 
The toxicological endpoints included hatching interference, phenotypic abnormalities 
and mortality (necrosis of the embryos). All zebrafish related experiments were carried 
out in accordance with the Animal Ethics Committee at Tongji University, with 
protocol approved by the Animal Center of Tongji University (Protocol #TJLAC-018-
020). 
3. Results and discussion
3.1 Photo-reductive defluorination of PFOS
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Fig. 1 Irradiation-time dependence of decomposition (a) and defluorination percentages 
(b) of PFOS under different conditions. Error bars represent the standard deviations of 
triplicate assays.
Photo-reductive decomposition of PFOS at λ = 254 nm in the presence of EDTA 
was carried out under anoxic conditions. The experimental results obtained under these 
different conditions are shown in Fig. 1. The direct photolysis at λ = 254 nm for 10 h 
resulted in a relative decomposition percentage of PFOS of 15.97% and a defluorination 
percentage of 4.99%. These results are consistent with the weak absorption of 254 nm 
light by PFOS. Adjusting the solution pH to 10.0 results in the decomposition and 
defluorination percentages increasing to 20.97% and 9.99% after 10 h, respectively. In 
the absence of UV irradiation, no defluorination of PFOS was observed. However, UV 
irradiation at 254 nm in the presence of EDTA increased PFOS degradation to 78.08% 
after 10 h with a corresponding increase in defluorination to 51.19%. The rate of PFOS 
decomposition was relatively fast during the initial 0.5 h of irradiation. The 
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decomposition and defluorination percentages under UV/EDTA illumination after 0.5 
h were 35.43% and 15.15%, respectively. 
In order to determine the relative efficiency of UV/EDTA irradiation for PFOS 
degradation, we compared our approach to PFOS photolysis by UV/K2S2O8. After 10 
h of illumination at 254 nm, the decomposition and defluorination percentages via 
UV/K2S2O8 photolysis were 49.3% and 10.2%, respectively. These results imply that 
the eaq–-mediated processes is effective in achieving defluorination compared to an 
oxidative process induced by persulfate photolysis (i.e.,  oxidation). SO· -4
Similar experiment in the presence of nitrous oxide (N2O) show that PFOS 
decomposition and defluorination were suppressed as shown in Fig. 1 due to hydrated 
electrons scavenging by N2O. Janata et al. [32] reported that N2O reacts with eaq– with 
a second-order rate constant of 9.1×109 M-1s-1 (Eq. 10). 
  (k2=9.1×109 M-1s-1)    (10)e –aq +  N2O→OH ‒ +  ∙ OH + N2
It is clear from these results that the eaq– is the primary reducing agent that initiates the 
decomposition of PFOS. 
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Fig. 2 Kinetic modeling of PFOS degradation
The initial rate of decomposition of PFOS under optimal conditions follows simple 
pseudo first-order kinetics dependent on the [PFOS] as shown in Fig. 2, for which the 
hydrated electrons production is a zero-order process dependent on the photon flux 
intensity. The apparent reaction rate constant (kobs) for PFOS decomposition was 0.113 
h-1, which corresponds to a half-life of 6.13 h. In comparison, kobs for the direct 
photolysis of PFOS was 0.014 h-1 (t1/2 = 49.29 h). The measured kobs values during 
UV/EDTA photolysis are compared to other photocatalytic processes in Table 1. Based 
on the comparison of Table 1, UV/EDTA photolysis showed clearly superior for the 
decomposition and defluorination of PFOS. 
Table 1. Comparison of photodecomposition of PFCs in this Study with other reported method
Method Conditions kobs (h-1)a Ref.
UV/EDTA [PFOS]=10 μM, [EDTA] = 2.0 mM, λ=254 nm, 
14W, pH=10, 25 ◦C
0.113 This study
Direct UV [PFOS]=10 μM, λ = 254 nm, 14W, pH=7, 25 °C 0.014 This study
Direct UV [PFOS]=2.5 μM, λ = 254 nm, 500W, pH=11.8, 
100 ◦C
0.91 [17]
UV/SO32- [PFOA]=38.7 μM, [SO32-] = 10 mM, λ=200-400 
nm, 250 W, pH=9.2, 25 ◦C
0.045 [33]
UV/Fe (III) [PFOS]=20 μM, [Fe3+] = 100 μM, λ=254 nm, 23 0.070 [34]
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W, 25 ◦C
UV/alkaline 2-
propanol
[PFOS]=40 μM, [alkaline 2-propanol]=90.7 mM , 
λ=254 nm, 32 W, 38-50 ◦C
0.039 [35]
UV/K2S2O8 [PFOS]=18.6 μM, [K2S2O8] = 18.5 mM, λ=254 
nm, 15 W×2, pH=3.1, 20 ◦C
0.009 [29]
UV/NO3- [PFOA]=5 ppm, [NO3-] = 100 mM, λ=254nm, 18 
W, pH=6.3
0.025 [36]
UV/SiC-
graphene
[PFOA]=0.12 mM, catalyst dose = 0.5 g/L, 
λ=254nm, 5 W, pH=7
0.096 [37]
UV/Pb-
BiFeO3/rGO
[PFOA]= 50 mg/L, catalyst dose = 0.1 g/L, rGO 
doping amount=5%, λ=254 nm, 5W, pH=4, 25 ◦C
0.081 [38]
VUV/sulfite [PFOS]=37 μM, [Na2SO3] = 20 mM, λ=180 nm, 
10 W, pH=10, 25 ◦C
0.87 [18]
a Experimentally observed pseudo first-order rate constants.
The energy consumption required to decompose PFOS to half of its initial 
concentration is 84.18 kJ/μmol in UV/EDTA system, which is lower than those in many 
other photochemical technologies (Table S1, Supplementary Material). It indicated 
that UV/EDTA would be an economical process. 
3.2 Products of EDTA degradation and toxicity assessment of UV/EDTA 
process
The UV/EDTA photolytic method appears to be relatively innocuous when used 
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for PFCs decomposition. Under UV irradiation, EDTA was depleted over time, and the 
decomposition followed the assumption of first-order kinetics with an apparent reaction 
rate constant of 1.700 h-1. And the concentration of EDTA was below 2μM after 4 h. In 
addition, EDTA degraded with the formation of formaldehyde, ammonia and nitrate, 
which were detected during the treatment, as shown in Fig. S2. The concentration of 
formaldehyde was 3.93 mg/L at 10 h, which was lower than the third discharging level 
of 5 mg/L of National Standard of the People’s Republic of China integrated 
wastewater discharge standard (GB 8978-1996) [39]. And the concentrations of 
ammonia and nitrate at 10 h were 6.21 mg/L and 2.87 mg/L, respectively. 
Fig. 3. The time-dependent toxicity of zebrafish embryos after 48 hpf and 72 hpf. Error 
bars represent standard deviations of triplicate assays.
To assess the toxicity of UV/EDTA process on zebrafish embryos were treated 
with series of samples for 72 hpf. As shown in Fig. 3a, UV/EDTA process exhibited 
increasing survival and hatching rates during treatment, the survival rates of zebrafish 
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embryos exposed to EDTA-PFOS solutions treated for 0 h, 2 h, 6 h, 8h were 20.83%, 
37.5%, 54.16% and 62.50%, respectively. And the hatching rates of those were 20.83%, 
41.67%, 53.28% and 62.50%, respectively. It was possibly due to the decomposition of 
PFOS. The difference of survival rate or hatching rate at 48 hpf and 72 hpf were mainly 
caused by the life characteristics of zebrafish embryos. Most of zebrafish embryos 
hatched after 72 hpf, while some hatched after 48 hpf. When they hatched, without the 
protection of membrane, they were easier exposed to products of EDTA-PFOS solution, 
leading to a significant difference of survival rates between 48 hpf and 72 hpf. In 
general, the increasing survival rates and hatching rates of zebrafish embryos exposed 
to series of EDTA-PFOS solution samples indicated that the toxic effect of this process 
was decreasing during treatment.
Thus, the UV/EDTA process can provide a relatively clean alternative process to 
achieve the photo-reductive degradation of PFOS. 
3.3. Effects of primary reaction variables
3.3.1 Effects of air
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Fig. 4. Effects of air on the decomposition percentage (a) and defluorination percentages 
(b) of PFOS under the condition: PFOS (0.01 mM), EDTA (2.0 mM), UV irradiation, pH 
(10.0). Error bars represent standard deviations of triplicate assays.
Since hydrated electrons, eaq–, play a critical role in the decomposition of PFOS in 
the UV/EDTA process, O2 can have a negative influence on the relative effectiveness 
of eaq–-mediated PFOS decomposition due to its impact as an eaq– scavenger. To further 
explore the impact of oxygen on PFOS degradation was compared using an oxygen free 
N2 purged system to a corresponding system in the presence of air. The reaction 
solution, in this care, was purged with N2 for over the entire reaction. In comparison, 
the same reaction solution was not purged with N2 and the reactor was opened to the 
laboratory atmosphere during the reaction. As shown in Fig. 4, the PFOS 
decomposition percentage after 10 h of irradiation in N2 and air were 78.08% and 
72.34%, respectively, while defluorination percentages of PFOS in N2 and air were 
51.19% and 50.06%, respectively. Clearly, there was little observed difference for 
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PFOS decomposition and defluorination under N2 and air. These results indicate that 
there is no significantly negative impact of air on the degradation of PFOS during 
UV/EDTA photolysis. Our previous study has demonstrated that UV photolysis of 
NTA was efficient in PFOS decomposition, even in open air condition [27]. And this 
process exhibited better performance in PFOS defluorination in open air condition than 
UV/NTA process, with a defluorination percentage of 50.06%, while that of UV/NTA 
process was 35.85%.  According to previous studies, the UV/iodide and UV/SO32- 
systems, which were shown to be efficient in decomposing PFOS, requires strict anoxic 
conditions. This result indicates that the application of UV/EDTA process for PFOS 
degradation could be practical because strict anoxic conditions are not required.
3.3.2 Effects of pH
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Fig. 5. Effects of initial pH on (a) PFOS decomposition versus time and (b) defluorination 
versus time under the following conditions: PFOS (0.01 mM), EDTA (2.0 mM), UV 
irradiation, N2 purged. Error bars represent standard deviations of triplicate assays.
The effects the initial solution pH on PFOS decomposition and defluorination are 
shown in Fig. 5. These results show that the decomposition and defluorination of PFOS 
during UV/EDTA process is clearly pH-dependent. The decomposition percentages at 
pH of 9.0 and 10.0 were clearly much higher than those at pH of 4.0, 6.0 and 7.0. The 
decomposition percentage was highest under an initial pH of 10.0, while lowest 
observed rate was at an initial pH of 4.0. These results show that the eaq–-mediated 
decomposition of PFOS is more effective under alkaline conditions, which is a result 
that is consistent with previous report [17, 18]. The defluorination percentage after 10 
h also increased with an increase in pH as follows for pH of 4, 6, 7, 9 and 10 after 10 h 
of irradiation were 27.77%, 29.99%, 41.38%, 46.38% and 51.19%, respectively. 
The pH dependence of the percentage of PFOS decomposition can be explained in 
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terms of competitive reactions involving hydrated electron reactions. Under circum-
neutral or acidic conditions, eaq– can react with H+ to form H· at a diffusion limited rate 
given the second-order rate constant for  of k3 = 2.3×1010 M-1s-1 (Eq. e –aq +  H + →H ∙
11) [19]. Furthermore, hydrogen atom, H·, has a less negative reduction potential 
(E(H+/ H·) = -2.1 V) [19] than that of eaq– (E(eaq–) = -2.9 V). In addition, hydrogen atom 
has not been shown to be effective for decomposing PFOS, which was confirmed by 
the experiments carried out with N2O under acidic conditions (see details that are 
provided in the Supplementary Material). The kinetics of EDTA reacting with 
hydroxyl radical, ·OH, is also pH-dependent with a reported second-order reaction rate 
constant at pH 4 of k4 = 4×108 M-1s-1, k5 = 2×109 M-1s-1 at pH=9, and k6 = 5.7×109 M-
1s-1 at pH=11 [40, 41]. A faster hydroxyl radical rate at high pH is consistent with our 
current observations. In conclusion, under circum-neutral or acidic conditions, eaq– 
would be quenched by lots of H+. And under alkaline condition, EDTA, which serves 
primarily as a hydroxyl radical scavenger and inhibits the recombination of eaq– with 
hydroxyl radical resulting in an increased average photolytic lifetime for eaq–, has a 
faster reaction rate with hydroxyl radical at high pH. 
A change in pH was measured during the photolysis of the EDTA-PFOS solution 
that was set at initial pH values of 4 and 6 as shown in Fig. S4. The pH of the solution 
of EDTA-PFOS increased rapidly and stabilized around 8 during treatment. The 
changes of pH are probably attributed to formation of basic products such as amides 
[42] and to the reaction of eaq- with H+ leading to an increase in pH (Eq. 11). Again, the 
pH rose from pH 4 and 6 to pH in the first 2 h of photolysis. This interpretation is in 
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good agreement with the observed results in that PFOS decomposition and 
defluorination percentages were low during the first 2 h and then increased after that.
The UV/EDTA process is clearly quite effective in inducing PFOS decomposition 
and defluorination over a wide range of pH when compared to other photo-reductive 
processes, such as the UV/SO32- and UV/NTA system. For a direct comparison, the 
UV/EDTA system obtained PFOS decomposition percentages at pH 4, 6 and 7 after 10 
h of irradiation of 38.80%, 40.03%, and 49.45%, respectively. While in UV/NTA 
process, PFOS decomposition percentages at pH 7 was below 10% [27]. In the case of 
the UV/SO32- system, PFOS decomposition and defluorination was reported to be 
negligible at pH 7 [43].
Since UV/EDTA photolysis of PFOS degradation can be carried out over a wide 
pH range in the presence of air it may provide a practical solution for the elimination 
of PFOS from contaminated water sources.
3.4. Mechanism of PFOS degradation in UV/EDTA system
3.4.1 Laser flash photolysis
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Fig. 6. (a) Transient absorption spectra following the laser flash photolysis of 50 
mM EDTA solution at pH 10.0. (b) The decays of eaq– detected at 690 nm in the 
presence of PFOS with different concentrations. (c) The decays of eaq– detected at 
690 nm at different pH conditions. The transient absorption curves are fitted. 
As shown in Fig. 6a, the wide absorption band with a peak at around 690 nm is 
assigned to the eaq–, which is consistent with theoretical and experimental eaq– 
absorption spectra [44, 45]. The absorption peak of eaq– was not observed in pure water 
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or a buffered solution due to the rapid recombination of eaq– with ·OH, H· and H3O+ 
(Eq. 4-6). The time-dependent transient decay of eaq– was followed at 690 nm as a 
function of the [PFOS] (Fig. 6b). The decay rate of eaq- increased with increasing 
[PFOS]. These results clearly establish the role of of eaq– in the decomposition of PFOS.
The concentration of eaq– as detected 690 nm decreases due to the recombination 
of eaq– with ·OH, H·, and H3O+ (Eq. 4-6). In the UV/EDTA photolytic process, EDTA 
scavenges ·OH given the magnitude of the second-order rate constant for reaction (k7 
= 3.3×109 M-1s-1 at pH=8) [41]. Thus, the scavenging of EDTA towards ·OH can protect 
eaq– from being quenched by ·OH. Thus, EDTA has the net effect of increasing the 
transient lifetime eaq– during UV/EDTA photolysis (Fig. 6). For instance, the half-life 
of eaq– during UV/EDTA is close to 4.2 μs, while during UV/KI process the reported 
lifetime is less than 2 μs [46]. Therefore, it is clear that EDTA prolongs the survival 
time of eaq– by scavenging ·OH resulting in an increased steady-state concentration of 
[eaq–]ss. This explains the apparently low transient quantum yield of eaq– during 
UV/EDTA photolysis. However, the net effect is an efficient method for PFOS 
degradation. 
Additional transient measurements show that the initial absorbance and lifetime 
of the eaq– at 690 nm increased with an increasing solution pH (Fig. 6c). These results 
show the scavenging of eaq– in increases as a function the proton activity (i.e., with 
decreasing pH). The transient kinetic results also confirm that the photolytic 
degradation of PFOS mediated by eaq– increases under basic conditions. 
3.4.2 Decomposition mechanism
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Hydrated electrons, eaq– generated by direct photolysis rapidly recombine with 
other primary species including ·OH, H· and H3O+. However, the reaction of eaq– 
with ·OH accounts for over 82% ± 3% of the loss of eaq– [47]. Previous studies have 
demonstrated that EDTA can serve as an electron donor in photocatalytic reactions [48-
51]. Furthermore, EDTA reacts readily with ·OH [52]. For example, the rate constant 
for the reaction of ·OH and tert-butanol is 5×108 M-1s-1 [53]. This constant is roughly 
an order of magnitude lower than that of ·OH with EDTA (5.7×109 M-1s-1) [41]. Thus, 
EDTA is clearly a more efficient quencher of ·OH.
Fig. S5 shows a comparison of the PFOS decomposition percentage with the 
corresponding rate of PFOS defluorination. The PFOS decomposition percentage is 
higher as a function of time. This result shows that even though PFOS was degraded, it 
was not completely defluorinated. It is obvious that other perfluorinated containing 
intermediates are generated at the same time that F– is produced during the photolytic 
degradation of PFOS. Short-chain-length perfluorinated intermediates such as PFOA 
(C7F15COO–), PFHxS (C6F13SO3–), PFHpA (C6F13COO–) and PFHxA (C5F11COO–) 
were detected in UV/EDTA process (Fig. S6b). In direct photolysis process, in addition 
to these, PFBA (C3F7COO–) and PFPrA (C2F5COO–) were also detected, as shown in 
Fig. S6a. Compared to the direct photolysis of PFOS in the absence of EDTA, the 
concentrations of the F-containing intermediates during UV/EDTA photolysis were 
found to be much lower. These results show that EDTA enhances the degradation of 
the F-containing intermediates produced during the decomposition of PFOS. Moreover, 
as shown in Fig. S6b, the formed short-chain perfluorinated compounds increased at 
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first and then decreased over time. The peak of individual species appearing earlier with 
longer chain illustrated that PFOS decomposed stepwise over the reaction time. 
However, in direct photolysis of PFOS, as shown in Fig. S6a, these shorter-chain 
compounds did not diminish over time. It was possibly due to that PFOA and PFHxA 
with longer-chain were easier to be decomposed, while PFBA and PFPrA with shorter-
chain were harder to be decomposed, leading to the accumulation of shorter-chain 
perfluorinated compounds. Based on the concentrations of PFOS, F-containing 
intermediates and F–, the mass balance of F was calculated by Eq. 9, as shown in Fig. 
S7. The loss of F recovery during the reaction are probably attributed to the formation 
of partially fluorinated intermediates (C1 to C5). In view of the distribution of 
intermediates and the fluorine mass balance, PFOS and its intermediates are most likely 
decomposed in a stepwise manner.
The reaction of eaq– with PFOS may result in defluorination, desulfonation, or C-
C bond scission [43, 54]. The PFOS anion has been previously shown to react with eaq– 
leading to the formation of , which, in turn, undergoes further C8F17SO· 2 -3
dissociation into C8F17– and  [16, 43, 55] . These two fragments have a lower SO· -3
= -30.99 kcal/mol [42] compared to alternative fragmentation products. This 𝛥𝐸 
outcome is most likely due to the lower bond energy of C-S (272 kJ/mol) compared 
with that of C-C (346 kJ/mol) and C-F (532 kJ/mol) bonds. As a consequence, C8F17– 
dissociates and then forms PFOA via the hydrolysis reactions (Eq. 12-16) [43]. In the 
case of PFOA, the carbon atoms are saturated and therefore unable to provide vacant 
orbitals to accommodate an extra electron. However, a fluorine atom of a fluoro-
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methylene moiety is capable for reacting with an electron because of its high electron 
affinity [56]. The net result is that fluorine atoms, instead of carbon atoms, become the 
dynamic reaction centers. Furthermore, the inductive effect of carbonyl group of the 
carboxylate of PFOA that withdraws electron density from the -position C-F bond 𝛼
making that site more susceptible to attack by eaq–. This leads to the dissociation of a 
fluorine from the α-CF2- forming fluoride leading to the formation of C7F13H2COOH 
(Eq. 17-20) [20, 43]. C7F13H2COOH can be excited to form free radicals, such as ·C6F13, 
methylene radical (CH2) and ·COOH under UV irradiation (Eq. 22) [43]. The 
recombination of ·C6F13 and  is likely responsible for the formation of SO· -3
C6F13SO3– (PFHxS) (Eq. 22) [43], which was experimentally detected. Subsequently, 
the concentration of PFHxS rose above that of PFOA. In addition, the fluoro-methylene 
radicals, ·CH2· are reactive species leading to the formation of methyl radicals (·CH3), 
which then react with formyl radical, ·COOH, to form CH3COOH (Eq. 23-24) [43]. 
The various intermediates are eventually mineralized to formate, acetate, fluoride, and 
sulfate after the longer time reaction times as shown in Fig. S8.
    (12)C8F17SO -3 +  e -aq → C8F17SO· 2 -3
    (13) C8F17SO· 2 -3  → C8F -17 + SO· -3
    (14)C8F -17 +  H3O + → C8F17OH + 2H·
    (15)C8F17OH→ C7F15COF + HF
    (16)C7F15COF +  H2O→ C7F15COOH + HF  
    (17)C7F15COOH +  e -aq→ ·C7F14COOH + F -  
    (18)·C7F14COOH +  H2O→ ·C7F14HCOOH +  ·OH
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    (19)C7F14HCOOH +  e -aq→ ·C7F13HCOOH +  F -
    (20)·C7F13HCOOH +  H2O→ C7F13H2COOH +  ·OH  
    (21)C7F13H2COOH→ ·C6F13 +  ·CH2· +  ·COOH
    (22)  ·C6F13 +  SO· -3 → C6F13SO -3
    (23)·CH2· +  H· → ·CH3
    (24)·CH3 +  ·COOH→ CH3COOH
3.5 Structure-activity relationship 
In order to further investigate the mechanism of FOS degradation during 
UV/EDTA photolysis, the photodecomposition of other perfluorochemicals and the 
degradation of PFOS with UV/tetramethylethylenediamine (TMEDA) and 
UV/hydroxyethyl ethylenediamine triacetic acid (HEDTA) were also studied.
3.5.1 Degradation of PFOS, PFHxS and PFBS
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Fig. 7. Irradiation-time dependence of decomposition (a) and defluorination 
percentage (b) of PFOS, PFHxS and PFBS under the condition: PFOS/PFHxS/PFBS 
(0.01 mM), EDTA (2.0 mM), UV irradiation, N2 purged, pH (10.0). Error bars 
represent standard deviations of triplicate assays.
The decomposition of other perfluoroalkyl sulfonates, PFHxS (C6F11SO3-) and 
PFBS (C4F9SO3-), was also investigated. As illustrated in Fig. 7, decomposition 
percentage and defluorination percentage of PFOS, PFHxS, PFBS during UV/EDTA 
photolysis were compared. The decomposition percentage and defluorination 
percentage of PFOS, PFHxS and PFBS showed a strong dependence on chain length, 
while the decomposition kinetics of perfluoroalkyl sulfonates increased with increasing 
chain length ( 0.0506 h-1, 0.0583 h-1, 0.1275 h-1). This 𝑘𝑃𝐹𝐵𝑆𝑎𝑝𝑝 =  𝑘𝑃𝐹Hx𝑆𝑎𝑝𝑝 = 𝑘𝑃𝐹𝑂𝑆𝑎𝑝𝑝 =
trend is consistent with that reported in a previous study by Park et al. [13]. Bentel et 
al. [6] reported that perfluoroalkyl sulfonates with longer chain, lower bond 
dissociation energies (BDEs) for both primary (i.e., bonds on the terminal -CF3) and 
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secondary (i.e., bonds on -CF2-) C-F bonds were observed. Paul et al. [57] reported that 
the central -CF2- linkage in a fluoroalkyl chain had the highest electron affinity. In 
addition, the removal of PFBS and PFHxS appeared to essentially stop after 6 hours. It 
may be attributed to the degradation of EDTA. EDTA degraded with the formation of 
IDA and glycine [58]. IDA and glycine were proved that they could accelerate the 
photo-reductive PFOS decomposition [27], but they were much less efficient than 
EDTA. Due to perfluoroalkyl sulfonates with shorter chain had higher BDEs for both 
primary and secondary C-F bonds, IDA and glycine were probably ineffective in 
promoting PFBS and PFHxS decomposition. Thus, the decomposition of PFBS and 
PFHxS slowed down and appeared to stop after 6 h with EDTA consumed, while PFOS 
with longer chain was still slightly decomposed. Therefore, these trends may explain 
why the decomposition and defluorination rates were found to be faster for longer chain 
perfluoroalkyl sulfonates.
3.5.2 UV/EDTA, UV/HEDTA, and UV/TMEDA photolysis
The photolytic degradation of PFOS in the presence of 
tetramethylethylenediamine (TMEDA) and N-(2-Hydroxyethyl) 
ethylenediaminetriacetic acid (HEDTA) were also studied. TMEDA and HEDTA are 
similar with EDTA in terms of molecular structure. The primary differences are that 
the hydrogen atoms connected to the nitrogen in ethylenediamine are replaced by other 
functional groups. The structural configurations of TMEDA, HEDTA and EDTA are 
given in Table S2.
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Fig. 8. Decomposition percentage (a) and defluorination percentage (b) of PFOS in UV, 
UV/EDTA, UV/HEDTA and UV/TMEDA systems. Conditions: EDTA, HEDTA and 
TMEDA (2.0 mM), PFOS (0.01 mM), UV irradiation, N2 prebubbled, pH (10.0). Error 
bars represent standard deviations of triplicate assays.
 Fig. 8 compares the photolytic decomposition percentage (a) and defluorination 
percentage (b) of PFOS by UV alone (a control experiment), UV/EDTA, UV/HEDTA, 
and UV/TMEDA during photolysis as a function to time. The presence of EDTA clearly 
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leads to an accelerated decomposition and defluorination compared with the control 
experiment. In comparison, UV/TMEDA photolysis produced a slight increase in 
PFOS decomposition and defluorination. For comparison, after 10 h of photolysis, the 
PFOS degradation and defluorination percentages in the presence of EDTA were 78.1% 
and 51.2%, respectively, whereas TMEDA photolysis resulted in corresponding 
percentages of 38.1% and 19.8%, respectively. This overall result may be attributed to 
the role of methylene groups (CH2) attached nitrogen atoms in EDTA is connected to 
one more carboxyl group than in the case of TMEDA. Therefore, the carboxyl group 
attached to the α-C of amine determines the efficiency in promoting PFOS 
photodegradation. The methylene group can also provide a reactive site for attack 
by ·OH leading to H-atom abstraction [59]. Whereas, the methyl (-CH3) group in 
TMEDA provides a less susceptible site for ·OH radical attack and subsequent H-atom 
abstraction. In spite of the less favorable reaction sites, TMEDA still showed a slight 
enhancement of PFOS decomposition and defluorination over time. This could be 
attributed to the lone pair on the nitrogen atom that should provide a susceptible site for 
an electrophilic attack by ·OH [11].
HEDTA, in contrast is slightly more effective in promoting the photolytic 
decomposition of PFOS than EDTA as shown in Fig. 8. The 10-h PFOS decomposition 
percentages in the presence of EDTA and HEDTA were 78.1% and 92.4%, respectively, 
while the corresponding 10-h defluorination percentages were 51.2% and 56.5%, 
respectively. HEDTA has a similar chemical structure with that of EDTA. The only 
difference between EDTA and HEDTA is a carbonyl group (C=O) to a methylene 
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group. The carbonyl group inductively withdraws electron density from the 
neighboring N, which effectively reducing the reactivity of EDTA with ·OH. In contrast, 
the additional methylene group in -CH2CH2OH linkage offers a more reactive site 
for ·OH attack, thus increasing the reactivity of HEDTA with ·OH. In support of this 
argument we note that the rate constant for the reaction of ·OH and HEDTA (k8 = 
8.2×109 M-1s-1, pH=11) is slightly higher than that of ·OH reacting with EDTA (k6 = 
5.7×109 M-1s-1, pH=11) [41]. The amines and the methylenes play a crucial role in 
promoting PFOS photodegradation, which allow for an effective attack by ·OH via H-
atom abstraction from an amine or from a methylene. 
4. Conclusions 
  This study demonstrates that the photolytic decomposition of PFOS during UV 
photolysis at 254 nm in the presence of EDTA is enhanced compared to alternative 
photolytic methods. UV/EDTA photolysis degraded 78.1% of PFOS with a 
defluorination percentage of 51.19% after 10 h of low intensity irradiation. The use of 
EDTA to enhance the photodecomposition of PFOS could have practical engineering 
applications since PFOS decomposition is only slightly reduced under oxidic 
conditions. In addition, UV photolysis of PFOS in the presence of EDTA leads to a 
higher fraction of PFOS that is decomposed and defluorinated over a wide range of pH 
compared to alternative photo-reductive processes that depend on iodide or sulfite 
photolysis. EDTA increases the transient lifetime of the photo-generated hydrated 
electrons due to its role as an ·OH radical scavenger.  
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Highlights
 UV/EDTA process is effective in PFOS decomposition over a wide range of pH.
 Air has negligible effect on PFOS decomposition in UV/EDTA process.
 EDTA can scavenge •OH to protect eaq-.
 Prolong the survival time of eaq- to increase steady-state concentration of [eaq-]ss.
